We investigate the effect of a large-scale background hypermagnetic field on the electroweak phase transition. We propose an effective weak angle which is varying during the electroweak phase transition and upon its use, show that for a strong enough hypermagnetic field the phase transition occurs in two steps and becomes first-order. We obtain all of the important quantities characterizing the details of the phase transition, including the phase transition latent heat, temperature and duration. We then explore one of the consequences of this model which is the generation of gravitational waves. We calculate the gravitational wave spectrum generated during the first-order electroweak phase transition and find that, for strong enough background hypermagnetic fields, these signals can be detected by the Ultimate-DECIGO and BBO correlated interferometers.
Introduction
Magnetic fields are ubiquitous in the Universe. The presence of magnetic fields in stars, galaxies and intergalactic spaces raises the question about the origin of these fields [1] . One possibility is that these fields have been produced by some astrophysical and dynamo processes [2] . However, using these mechanisms it is hard to explain large-scale magnetic fields observed in the intergalactic spaces. The other scenario is that these long-range magnetic fields can be relics of the early Universe. In this case, several mechanisms for magnetogenesis have been proposed to be taking place during the early times such as inflation and cosmological phase transitions [3] . Considering such primordial magnetic fields, one can study their effects on significant events taking place after the big bang, e.g. the Electroweak Phase Transition (EWPT). Assuming these magnetic fields are produced before the EWPT, long-range hypercharge component of these fields, i.e. the hypermagnetic fields, can survive in the plasma with high conductivity. Due to the chiral Abelian anomaly, these hypermagnetic fields can play an important role in the EW baryogenesis scenarios [4] . Furthermore, background hypermagnetic fields, B bg Y , can influence the nature of EWPT. Without such a field, the Standard Model (SM) predicts that the EWPT is a crossover. However, the presence of sufficiently strong hypermagnetic fields could change the situation and make it first-order [5, 6] . On the other hand, due to the coupling between these fields and magnetic dipole moment of sphalerons, the energy barrier of sphalerons decreases so that sphaleron processes can threaten the EW baryogenesis scenarios in this context [7] . In our previous paper [8] , based on gravitational anomaly and chiral gravitational waves (GWs) sourced by helical magnetic fields, we found the possibility to violate B − L symmetry, where B and L are baryon and lepton numbers, respectively. Then, relying on sphaleron processes, we presented a possible mechanism for generation of the matter-antimatter asymmetry of the Universe. The influence of hypermagnetic fields on the EWPT has initially been addressed in [5] and [6] . Considering only the direct effect of hypermagnetic fields on the Gibbs free energy, they showed analytically and also numerically by lattice simulation [9] that the EWPT becomes first-order for strong enough hypermagnetic fields. In this work, starting from an appropriate Lagrangian containing the effect of a constant B bg Y and calculating the effective potential of symmetric and broken phases, we show that by introducing an effective weak angle which is varying during the PT, one can describe the PT dynamically. By analyzing this effective potential we find that as the temperature falls below a temperature T 0 , the vacuum of the symmetric phase becomes unstable and the usual EW crossover transition to a stable vacuum occurs. However, as the temperature decreases further, the presence of a large B bg Y produces a second vacuum whose stability eventually surpasses the first. Consequently, a first-order phase transition occurs between these two well seperated vacuua. Then, by calculating the bounce solution from the bounce action we find the transition temperature at which the bubbles nucleate. At this temperature, the latent heat of the PT and its relation to the strength of the hypermagnetic fields are obtained. We also calculate the duration of the PT. A first-order EWPT can have many profound consequenses, in particular for matterantimatter asymmetry generation as well as for the generation of gravitational waves (GWs). Here we concentrate on the latter. The GWs are useful probes, providing valuable information about the early Universe, partly because they have the least attenuation during the propagation. In general, any first-order PT in the early Universe is regarded as a source for the generation of GWs [10, 11] . In this case during the evolution of bubbles three sources can contribute to the production of the GW spectrum: bubble collisions [12] , Magnetohydrodynamic (MHD) turbulence [13] , and sound waves [14] . In this paper, by calculating the required quantities associated with the PTs, we find the GW energy spectrum. We show that bubbles can run away and the generated GWs can be in the sensitivity range of some future space-based GW experiments, i.e. The Deci-Hertz Interferometer Gravitational Wave Observatory (DECIGO) and the Big Bang Observer (BBO), whose the primary objective is to track primordial GWs [15, 16] . In Section 2, we introduce the one-loop effective action in the presence of an B bg Y and obtain the details of the PT including the bounce solution, transition temperature, duration of the PT and latent heat. In Section 3, we calculate the GWs spectra using the parameters obtained in the previous section. We conclude in Section 4.
The electroweak phase transition

Model
The presence of a large-scale background hypermagnetic field, B bg Y , at the EWPT, regardless of its origin, can have important consequences on the dynamics on the PT. To study these effects, one can decompose the total hypercharge field strength as f t µν = f µν + f bg µν and consequently the Lagrangian can be written as
where L SM is the Lagrangian of the standard model. As shown in reference [6] , one can solve the equation of motions for both symmetric and broken phases and then obtain the corresponding Gibbs free energies in terms of B bg Y . In the high conductive plasma of the symmetric phase, only the large-scale hypermagnetic field can survive while other fields are screened. Moreover, in the broken phase its massive component gets screened because of surface currents, but massless electromagnetic component (whose electric part is also damped due to the high conductivity of the plasma) remains. Therefore, we can study the extra energy difference produced between two phases which is similar to the Meissner effect, by the effective potential V (φ, T ) + sin 2 θ w (B bg Y ) 2 /2. This corresponds to the Gibbs free energy in the broken phase and is shifted by (B bg Y ) 2 /2 compared to [6] due to the last term of Eq. (2.1). Here θ w is the Weinberg or weak angle. In the symmetric phase, the potential is given by V (0, T ). Consequently, we can work with the following potential as the finite temperature effective potential that describes the system during the phase transition and is valid in the symmetric and broken phases
where Θ w is an effective weak angle. To describe the phase transition dynamics one can consider an effective weak angle which varies during the EWPT, e.g. θ w (T ) considered in reference [17] . Since the the minimum of the effective potential is also varying with temperature, we propose a different model for the weak angle as given below,
where m and r are two constants which determine the mid-value of φ and the rate of variation of Θ w profile, respectively. In Fig. (1) , Θ w is shown for m = 120 and r = 10. Conductivity of primordial plasma is proportional to its temperature [9] , and hence is very high. In such a plasma, the only long-range or background field that can survive is B bg Y . We assume such long-range B bg Y exist and that their scale is much larger than the typical size of bubbles during the PT. Therefore we take this field to be constant on the scale of the bubbles and further assume B bg Y = bT 2 where b is approximately constant during the EWPT. In Eq. (2.2), V (φ, T ) consists of the following terms
where the tree level potential of the Higgs field, V 0 , is given by
5)
where λ = µ 2 /ν 2 is fixed by the Higgs mass, 2λν 2 = 125 GeV, and Higgs VEV at zero temperature, ν = 246 GeV. One-loop quantum correction can be written as [18] 
2 are masses of the massive gauge fields and the top quark, respectively. The thermal correction term is as follows [18] 
where n i is the number of degrees of freedom of the mentioned particles and
High temperature expansion of the thermal corrections is as follows
where log a b = 5.4076 and log a f = 2.6351. In the next subsection, within the above model, we calculate all of the major physical quantities characterizing the phase transion.
Dynamics of the phase transition
In a typical PT, the existence of a barrier between two minima of the effective potential produces a first-order PT. In [5, 6] , using only the difference of the Gibbs free energies of two phases and without considering the PT dynamics, it is argued that the presence of a strong enough B bg Y in the effective potential increases the area under the barrier and delays the PT 1 . In this paper, we use V ef f as given by Eqs. (2.2, 2.3) to calculate the dynamics of the EWPT. In Fig. (2) we plot V ef f as a function of φ for a few important temperatures, all at a fixed value of B bg Y . In the symmetric phase and well above the EWPT the system has a stable vacuum at φ = 0. As the temperature decreases to T 0 ≈ 163 GeV, the second derivative at φ = 0 becomes zero and the vacuum becomes metastable. As the temperature decreases further, a stable minimum starts to form and the VEV continuously increases from zero through the usual EW crossover. The new feature in the presence of a strong B bg Y is the formation of a second minimum, when the temperature decreases further. At the critical temperature, T c , the two vacua become degenerate. Shortly after T c , at nucleation or transition temperature, T * , the newly formed vacuum becomes the absolute minimum and tunneling to the true vacuum can be fulfilled. Finally, at temperature T f ≈ 117 GeV the barrier between the minima disappears, i.e. only one vacuum remains. This temperature can be considered as the end of the EWPT. The probability of true vacuum bubble nucleation per unit Hubble spacetime volume at finite temperature is given by [19] 
where M pl is the Planck mass and S 3 (T ) is the three-dimensional Euclidean bounce action
As shown below, the presence of a strong hypermagnetic field can significantly affect the bounce action, and in particular the EWPT is delayed. In fact, the transition and bubble nucleation occurs when the bubble formation probability is of the order of one, P ∼ 1.
From this condition, we can find the transition temperature, T * , [19] 
where H T 2 /M pl is the Hubble expansion parameter. Thus, we should first obtain the function S 3 (T )/T . Extremizing the bounce action leads to the bounce equation which is shown below along with the appropriate boundary conditions, From these equations, we can find the radial profile of the Higgs, i.e. the bounce solution, which, as we shall see, connects the two phases through a step-like but smooth function. To obtain the solution, we use the "any bubble code" [20] which takes advantage of a multipleshooting method. The result is shown in Fig. (3) . The expectation value of the Higgs field inside the bubble is completely consistent with the absolute minimum of the red solid curve in Fig. (2) .
Putting the bounce solution into the Eq. (2.12) and computing the integral, we obtain S 3 (T )/T as a function of temperature. Then, using Eq. (2.13), we calculate the transition temperature, T * , for different hypermagnetic field values and show the results in Fig. (4) . As seen from Fig. (4) , by increasing B bg Y , the barrier between the vacua is increased and PT occurs at a lower temperature. Other important PT characteristics such as latent heat and duration of the PT are computed at T * . The latent heat is given by ϕ(r) Figure 3 . The Higgs bubble profile or the bounce solution that separates the two phases is shown for the B bg where
Moreover, the duration of the PT, τ −1 , can be obtained by the following procedure. We assume bubbles nucleate with a rate per spacetime volume which is given by 2 P = P 0 exp(τ t). As a result, we have τ =Ṗ /P . Then, according to dT /dt −HT and Eq. (2.11), we can find τ from S 3 (T )/T function at T * obtained in the previous section [21] τ
(2.17)
In 
, where t f and t * are the times associated with T f and T * , respectively. In the next section, we will use these quantities for computing the spectrum of the GWs produced during the EWPT.
Gravitational wave generation
In this section, we calculate the spectrum of the GW generated during the first-order EWPT. Considering the ever increasing detection capabilities of GW detectors, GW can be used as an effective probe of the early Universe. In particular, we investigate whether the GW produced in our model falls within the detection range of Ultimate-DECIGO and BBO correlated interferometers. During cosmological first-order PTs and evolution of the bubbles of true vacuum, three processes can give rise to GW radiation. Indeed, when bubbles nucleate and grow, because of their collisions, part of the latent heat released during the transition is converted to GWs. Moreover, a fraction of the energy is transferred to the plasma and causes the plasma motion which in turn puts forward two other GW sources: MHD turbulence and sound waves. The contribution of the first mentioned source to the GW frequency spectrum is calculated by numerical simulations using the envelope approximation and expressed in terms of the PT parameters [21] :
S en (f ), where h is the present Hubble parameter H 0 in units of 100 km sec −1 Mpc −1 , v b is the bubble wall velocity, the factor κ stands for the fraction of the vacuum energy which is converted into the kinetic energy of the bubbles, g * 106 is the number of effective relativistic degrees of freedom at the EWPT and α denotes the ratio of the vacuum energy density to the thermal energy density α = * π 2 30 g * T 4 * .
(3.
2)
The Expression for * is given by Eq. (2.16 ). The spectral shape of the GW is given by the following analytic fit [22] S en (f ) = 3.8( f fen ) 2.
where the present-day red-shifted peak frequency is given by the following relation f en = 16.5 × 10 −6 0.62
Furthermore, we should take into account the other two sources contributing to the GW energy density. Gravitational wave contributions form sound waves, which is numerically calculated in [23] , and MHD turbulence as a Kolmogorov-type turbulence modeled by [24] are given by
5)
and
where their spectral shapes are as follows [25] S sw (f ) = f f sw as the red-shifted Hubble parameter. The red-shifted peak frequencies in the spectral shapes of these GW spectra are given by
(3.10)
As can be easily seen from Eqs. (3.1-3.10), the bubble growth velocity, v b , has an important role in the frequency distribution of GWs originating from each of the three sources. An important parameter which affects v b is α as defined in Eq. (3.2). In particular, a critical value of α is given by [25] 
where c i = n i (c i = n i /2) and n i is the number of degrees of freedom for boson (fermion) species and ∆m 2 i is the squared mass difference of particles between two phases. Thus, the main contribution to α ∞ comes from the particles becoming heavy during the PT, i.e. W , Z gauge bosons and t quark. For α < α ∞ , v b remains subluminal and the available energy is transformed into fluid motion. hence the dominant contributions to GW come from sound waves and MHD turbulance, i.e. h 2 Ω(f ) h 2 Ω sw + h 2 Ω tu .
For α > α ∞ the bubbles are "runaway", that is the excess vacuum energy density leads to bubble acceleration and v b is bounded only by the speed of light, v b = 1. In this case, all three sources contribute to the GW spectrum, i.e. h 2 Ω(f ) h 2 Ω en + h 2 Ω sw + h 2 Ω tu .
In Table 2 , we show values of α and α ∞ for four different values of B bg Y . In all of these cases α > α ∞ so that bubbles are runaway, i.e. v b = 1. In this case, the efficiency factor for the bubble collision source, which enters directly in Eq. (3.1), can be expressed as [25, 26] 
In fact the fraction α ∞ /α is transformed into the fluid motion and thermal energy. A fraction κ ∞ of α ∞ /α is converted to the plasma motion with the efficiency factor κ v , and the remaining is spent for reheating the plasma by the efficiency factor κ th [25, 26] ,
In addition, the fraction of plasma motion which is turbulence, ε = κ tu /κ v , can be of the order of ε = 0.05 [23] . Therefore, the dominant source coming from the plasma motion is attributed to the sound waves, κ sw = (1 − ε)κ v . Now, by obtaining the key parameters and determining the contribution of each GW source, Eqs. (3.1), (3.5) and (3.6), we compute the GW spectrum generated from the EWPT and show the results for B bg Y /T 2 * = 0.9 in Fig. (5) . As can be seen in Fig. (5) , the main contribution comes from the bubble collisions, followed by that of the sound waves. In Fig. (6) , we show the GW spectrum for the four values of B bg Y shown in Table 2 . As listed in Table 2 , larger B bg Y gives rise to greater α and so stronger first-order EWPT (see Fig. (4) ), leading to GWs with higher energy density but lower peak frequency (see Fig.  (6) ). As can be seen in Fig. (6) , these GWs can be detected by future space-based Ultimate-DECIGO and BBO correlated detectors [15] . Ultimate-DECIGO and BBO correlated are
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h 2 Ω(f) Figure 5 . We plot the contribution of each source producing GWs during the EWPT in the presence of the hypermagnetic field B bg Y /T 2 * = 0.9. The Black solid curve shows the total GW spectrum. The significant contribution belongs to the bubble collision source, the red dashed curve. The blue dotdashed and green doted curves show the sound wave and MHD turbulence contributions, respectively. two future-planned interferometers which will be able to detect GWs around 0.1 − 10 Hz at which noises raised from irresolvable gravitational wave signals are negligible [27] . Therefore, these detectors have higher sensitivity and can cover the gap frequency band between LISA and ground-based detectors. Moreover, the interferometers which consist of several detectors can enhance their sensitivity by a few orders of magnitude by making correlation analysis between independent detectors. In fact, Ultimate-DECIGO and BBO correlated interferometers can reach a sensitivity level of the order of 10 −20 and 10 −17 , respectively, around 0.1 Hz [16] . Finally, we expect that these GW spectra predicted by our model with peak frequency between 0.1 − 1 Hz can be captured by the most sensitive frequency range of these two detectors, provided B bg Y is large enough. Figure 6 . We display the energy density of GWs generated from the first-order EWPT within our model, for the four values of B bg Y shown in Tables 1 and 2. Note that as the value of B bg Y increases, the energy density of GWs increases, while the peak frequency decreases. As can be seen, for large enough B bg Y , these GWs are in the sensitivity range of the Ultimate-DECIGO (U-DECIGO) and BBO correlated (BBO Corr.) interferometers.
Conclusion
We have shown that the presence of a large-scale background hypermagnetic field, B bg Y , can have profound effects on the EWPT. In particular, we have shown that as the temperature drops, B bg Y produces a second minimum at a yet larger value of φ which eventually becomes the true vacuum. This makes a two-step transition: a crossover to a temporary vacuum followed by a first-order to the final vacuum. The barrier between the two minima also depends on the strength of B bg Y . We have computed all of the important characteristic quantities for the first-order part, including the details of the formation and evolution of bubbles of true vacuum associated with the broken phase, the Higss profile, the duration of the PT, the latent heat and all of the characteristic temperatures. We find that by enhancing B bg Y the transition temperature is lowered and VEV is increased. We have then explored one of the consequences of the first-order part of EWPT, which is the generation of GWs. We have shown that in our model the bubbles are "runaway", i.e. the bubble wall speed v b = 1 and thereby all three sources of GWs, i.e. bubble collisions, sound waves and MHD turbulence contribute. Particularly, we have shown that the bubble collision is the dominated source of the GWs. We have obtained the energy density spectrum of GWs as a function of frequency and shown that their detection is within the range of Ultimate-DECIGO interferometer for B bg Y 0.5T 2 * and BBO correlated interferometer for B bg Y 0.9T 2 * , all for peak frequencies of about 0.1 − 1 Hz.
